Background: Illumina sequencing with its high number of reads and low per base pair cost is an attractive technology for development of molecular resources for non-model organisms. While many software packages have been developed to identify short tandem repeats (STRs) from next-generation sequencing data, these methods do not inform the investigator as to whether or not candidate loci are polymorphic in their target populations.
Background
Next-Generation Sequencing (NGS) technologies have recently revolutionized the ease and the rate at which genetic resources can be developed [1] [2] [3] . This revolution has made it possible to now use the genetic tools in nearly all organisms that were previously only available for model taxa [4] . For example, the development of short tandem repeat (STR or microsatellite) markers in non-model organisms is currently undergoing a complete paradigm shift in regards to the techniques and methods used to isolate potential markers, particularly for insects [5] [6] [7] [8] . These new techniques have replaced the laborious steps of DNA cloning with the speed and ease of NGS technologies [9] allowing researchers to quickly develop candidate markers for their study organisms.
Perhaps as a result of the increased accessibility to NGS technologies for STR marker development, there has also been an increased level of activity in the development of associated software for identifying candidate markers. Many highly cited packages exist [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , but see [23] for a more thorough review. Current software packages work by searching through assembled sequence data for tandem-repeat regions, and then apply filters to optimize the list of candidate sites based on user specified criteria. Newer programs directly allow for the use of whole genome data [21] or raw sequence data from paired-end Illumina sequencing [22] . The most recent software program, SSR_pipeline, represents a particularly important improvement in the identification of STR data by directly using quality scores from the sequence reads to aid in the identification of STR markers. Yet, two major obstacles remain for the identification of STR markers for genetic analyses based on NGS sequence results. First, most existing software packages provide an overwhelming number of candidate loci. Second, they do not inform the investigator as to which loci are polymorphic for the populations under study. For example, a recent study that integrated NGS technologies with existing software packages to develop markers for a species of aphid [24] found that only 0.76% of their 342 candidate markers were suitable for use, though whether this was due to failure to amplify target loci with standard PCR protocols or because amplified loci were not polymorphic is unknown to us.
To improve the rate at which polymorphic STR markers can be identified and developed for use in genetic analyses, we present the use of a novel technique that uses barcoded Illumina sequencing libraries to identify polymorphic STR markers. We test this technique using two insect species from phylogentically distinct orders: the braconid wasp Trioxys pallidus and its aphid host Chromaphis juglandicola. Both insects occur in walnut orchards in California where C. juglandicola is an important invasive pest that was brought under effective biological control by the deliberate introduction of T. pallidus from Iran in 1969 [25] [26] [27] . We then compare the patterns of STR motifs found for each species to other results published from their respective orders to examine the value of this approach for phylogenetically diverse organisms.
Results

Next-generation sequencing results
Our Illumina sequencing run for T. pallidus resulted in over 99 million 100 base pair reads and our Illumina sequencing run for C. juglandicola resulted in over 170 million 100 base pair reads. Using the de novo genome assembly program Velvet [28] , we constructed 65,535 contigs with an average length of 834.2 base pairs and an average coverage of 8.0X for T. pallidus. For C. juglandicola, we developed 474,388 contigs with an average length of 2,573 base pairs and an average coverage of 11.2X. Raw sequence reads were uploaded to BioSample (Accession Numbers SAMN03020618 -SAMN03020621).
Comparison of iMSAT to other methods for identifying STRs
Using MSATCOMMANDER [12] and Phobos [20] , we identified 18,525 and 21,860 STRs for T. pallidus (Table 1) and 187,270 and 100,290 STRs for C. juglandicola (Table 2) , respectively. Using our novel python program iMSAT (https://sourceforge.net/projects/imsat/), we found 9,119 candidate polymorphic STRs for T. pallidus (Table 1) repeats  di  tri  tetra  penta  di  tri  tetra  penta  di  tri  tetra  penta   5  4132  1612  262  38  5338  3496  657  44  772  500  93  18   6  3737  3317  683  38  2090  1898  218  4  1718  837  145  8   7  1751  1788  229  6  1243  980  59  2  1181  717  80  1   8  1104  958  64  2  762  417  28  1  765  426  29 most abundant type identified by all three methods in being between 55% and 65%, tri-nucleotide STRs represented between 31% and 38% and tetra-and pentanucleotide STRs constituted between 4% and 6% combined. For C. juglandicola, di-nucleotide STRs were again the most abundant type identified by all three methods (82-93%). However, for this species, tri-nucleotide STRs were rare (4.6-17%) while tetra-and penta-nucleotide STRs were extremely rare (0-3%).
Amplification of tri-nucleotide STRs in T. pallidus
Of the selected 20 STRs from our output of candidate polymorphic tri-nucleotide STRs, we consistently amplified 17 of them with standard PCR protocols. Two of these markers, TpMSAT3 and TpMSAT6 were excluded from the analysis because they displayed repeat patterns not consistent with tri-nucleotide STRs. DNA sequences for the repeat region of each STR marker used in this study were uploaded to GenBank (Accession #'s KC477413 -KC477427) and their characteristics were summarized in Table 3 .
Characteristics of STR markers in T. pallidus
Allelic diversity ranged from three alleles per locus for TpMSAT05 to nine for TpMSAT11 and TpMSAT14 ( Table 3 ). Measures of averaged heterozygosity ranged from 0.21 to 0.54 for Ho and 0.33 to 0.54 for He (Table 4 ). One locus, TpMSAT05, exhibited a marginally significant deviation from Hardy-Weinberg Equilibrium (HWE) (χ 2 = 16.44, DF = 8, P = 0.04), though this deviation was not significant after Bonferroni correction for multiple comparisons (corrected α = 0.013). Another locus, TpMSAT13, exhibited a highly significant deviation from HWE (χ 2 = 40.23, DF = 8, P = 0.002), which was still significant after Bonferroni correction (corrected α = 0.006). Linkage disequilibrium was not observed between any of the STR markers.
Amplification of tri-nucleotide STRs in C. juglandicola
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Characteristics of STR markers in C. juglandicola
Allelic diversity for polymorphic loci ranged from two alleles per locus for CjMSAT01, CjMSAT03, CjMSAT08, CjMSAT09, CjMSAT16, and CjMSAT19 to seven for CjMSAT13. Measures of averaged heterozygosity ranged from 0.08 to 0.15 for Ho and 0.08 to 0.17 for He (Table 4 ). No locus displayed deviations from HWE, and there was no evidence of linkage disequilibrium observed between any of the STR markers.
Discussion
The genomic revolution sparked by the advent of NGS is well underway, and its low per base pair cost and high number of sequence reads yields many benefits and tools [29] , including the rapid development of polymorphic markers for population genetic studies. Our pipeline involving iMSAT identifies polymorphic STRs from two simultaneously obtained sequencing reads. The output of iMSAT facilitates the design of primers for populationlevel studies, reducing the time and expense associated with the production of STRs.
Potential benefits and limitations
iMSAT represents a significant improvement over existing techniques. NGS technologies are today's standard for developing STR markers e.g. [5, 30] . They have eliminated the laborious steps associated with plasmid cloning [reviewed by [31] ]. However, candidate markers still require testing to identify polymorphic regions. Given the large numbers of candidate markers identified by Our program adds virtually no costs to the overall production of STR markers, as an additional Illumina Sequencing Library, for example, can be produced by a third party for as little as $200 USD (quote from the Functional Genomics Laboratory at the University of California Berkeley, June 2014). Freely available, iMSAT generates a list of polymorphic STR markers in a fast and cost-effective manner. Although iMSAT recovers far fewer potential STR markers than other programs, its ability to identify candidate polymorphic greatly outweighs the reduction in total numbers of potential markers. Most studies based on STRs have used relatively few markers (10-50) and, statistically, there is no need to develop upwards of 12,000 STR markers that is possible using NGS technologies. The 'novelty' of our approach is to use the polymorphism data provided by the raw sequence reads themselves to identify candidate STR markers, and our program takes advantage of the output from existing software tools [28, 33, 34] .
A similar approach to screening NGS sequence results for polymorphic regions before STR development has previously been presented by Hoffman and Nichols [35] . These authors also pooled DNA extracts to create a single sequencing library for 454 sequencing, re-mapped the individual sequence reads to their de novo assembly, and targeted STR repeats that appeared polymorphic. While similar in that both approaches perform in silico polymorphism detection, ours has the advantages that by using barcoded libraries we were able to assign sequence reads to both of our populations of T. pallidus and C. juglandicola with only a single run each. This advantage is particularly valuable, as it allows the identification of markers that not only are likely to be polymorphic, but whose polymorphism can also be characterized as either within and/or between populations. This greatly increases the utility of the data in generating useful STR markers, and may in part explain the greater rate of success we observed in isolating polymorphic markers.
Comparison of results with other species of insects
The availability of published genomes from several insect species allows for comparative genomic analyses, including examinations into the diversity and distribution of STR motifs. Behura and Severson [36] compared coding sequences from 25 species of insects representing five different orders. In contrast to our findings for T. pallidus and C. juglandicola, they found that tri-nucleotide repeats were the most common repeat type across insects. Their results may be inherently biased towards recovery of tri-nucleotide repeats, however, because they focused on coding regions of DNA where single or double base pair insertions/deletions are unlikely [37] . Another recent study [38] examined both coding and non-coding regions, compared published whole genome sequence data from 12 species of insects representing six orders. Although most species had predominantly di-or tri-nucleotide repeats, no one type was dominant; even congeners differed in which type of repeats were most abundant. The most dramatic example occured between Drosophila simulans and D. melanogaster. While D. simulans had relatively equal proportions of di-, and tri-nucleotides as the most abundant repeat types, penta-nucleotide repeats were most abundant in D. melanogaster and twice more than any other type of repeat. Interestingly, they found that STRs were more common among the Hymenoptera and represented a higher percentage of the genome than in any of the other orders of insects examined. The Hymenoptera also differed from other orders in that di-nucleotide repeats were the most abundant type of repeatbetween 2 and 5 times more frequent than tri-nucleotide repeats. For the aphid Acyrthosiphon pisum, di-nucleotide repeats were about half as abundant as in their examined hymenopteras. Contrary to our results for C. juglandicola, they also found that tri-nucleotide repeats were the most abundant type of repeat unit.
Conclusions
We announce a novel approach for using NGS technologies in conjunction with several popular software packages to identify polymorphic STRs. This approach allows the rapid and cost-effective development of 15 polymorphic STRs for T. pallidus and 12 for C. juglandicola.
Methods
To identify and test STR markers, we used an NGS approach. Sequencing libraries for T. pallidus were created by pooling twenty individuals of T. pallidus reared from filbert aphids collected in Bethel, Oregon, United States into a sample labeled "Hazelnut", and twenty individuals of T. pallidus reared from walnut aphids collected in Tehran, Iran into a sample labeled "Walnut". DNA was then extracted from each pooled sample using a Qiagen DNeasy Blood & Tissue Kit (Qiagen) with the following modification. To reduce the amount of residual salt in the extract, critical for NGS applications, we performed the AW1 and AW2 washes twice each, followed by an additional spin step to remove any residual AW2 buffer. This was followed by standard elution with the AE buffer.
Sequencing libraries for C. juglandicola were created by pooling 20 individuals of C. juglandicola collected in Upper Lake, California, United States, into a sample labeled "US", and 20 individuals of C. juglandicola collected in Parnac, France into a sample labeled "France". DNA was then extracted from each pooled sample using the Qiagen Gentra-PureGene DNA Extraction Kit (Qiagen). Concentrations of nucleic acids for all extracts were then quantified with a ND-1000 NanoDrop® (NanoDrop Technologies, Inc.) and concentrations of double stranded DNA were measured using the Qubit® dsDNA HS Assay kit (Life Technologies Corp. Summary statistics representing the sequence results from the Illumina HiSeq2000 run were calculated using the FASTX-Toolkit [39] and this program was then used to filter low quality reads. Individual Illumina sequencing reads were then assembled into contigs using the de novo assembly program Velvet 1.1.06 [28] with a kmer length of 65 for T. pallidus and 67 for C. juglandicola. We then used MSATCOMMANDER [12] and Phobos [20] to identify di-, tri-, tetra-, and penta-nucleotide repeat patterns with their default settings. We then compared these results to those identified with iMSAT, our novel python program (https:// sourceforge.net/projects/imsat/). iMSAT uses a ".vcf" report file of polymorphic sites generated from mapping NGS sequencing reads to a genome assembly using BWA [34] and SAMtools [33] . Both BWA and SAMtools are widely used for the identification and analysis of single nucleotide polymorphisms [40] [41] [42] .
iMSAT uses an interactive command-line interface (see Figure 1 for a graphical representation). The first user prompt asks for the locations of the alignment and ".vcf" files as well as the formatting of the alignment file. iMSAT can process alignment files with both traditional ".FASTA preprocessing" formatted sequence data (i.e. one line beginning with a ">" followed by the sequence name, and a second line with the sequence data) or a tab-delimited format (i.e. one line with both sequence name and sequence data separated by a tab). Our program subsequently filters the "indel" data from the ".vcf" report, and searches for all polymorphic sites that represented di-, tri-, tetra-, and penta-nucleotide STRs that were greater than five repeat units in length. The user is prompted as to whether or not they would like a separate list of polymorphic STR markers that are "fixed" in one of their target populations. The program then produces a ".FASTA preprocessing" formatted file identifying the location of the polymorphic STR in the sequence title and 300 bp of both the leading and trailing sequence strands to allow for the production of primers. Sequence information for all primers used, including fluorescent label are available in Additional file 1.
For T. pallidus, we tested the program as if whole genome assembly was being used. To do so, we combined the contig sequences generated by Velvet [28] into one continuous DNA sequence strand with the union of two contig sequences being differentiated by the addition of 100 "N" base pairs. The addition of these "N" base pairs ensured that when we could exclude any potential STR markers that would be artificially created when we joined the separate consensus sequences. For C. juglandicola we tested the program using the raw output from Velvet [28] where all 474,388 contigs were represented in traditional FASTA preprocessing formatting. For both species we then used the "vcf" report generated using BWA [34] and SAMtools [33] to target polymorphic STRs.
To validate this approach, we filtered the data to only include those repeat regions that were; a) tri-nucleotide repeats, b) were composed of high-quality reads based on the "vcf" file, and c) had no "N" base calls within 300 base pairs of the repeat region to allow for primer construction. Though the majority of candidate STRs were di-nucleotide repeats, we selected tri-nucleotide repeats because of the known problems associated with scoring di-nucleotide STRs caused by "stutters" [43] . For each species, we then selected the 20 tri-nucleotide candidate markers with the Figure 1 iMSAT workflow diagram. Before using iMSAT, barcoded NGS sequencing libraries are produced (A) and sequenced (B) and either used to create a de novo assembly or to align an available reference genome (C). Then using SAMtools and BWA the individual sequence reads are used to create a polymorphism report (D) that includs the location of the polymorphic loci, type (SNP or INDEL), and other quality statistics. iMSAT then uses the output and the alignment file to filter the polymorphism data based on a user specified number of base pairs (E), identifies the STR motifs and the number of repeats (F), and outputs separate .FASTA preprocessing files for each candidate locus that can be used with primer design software (G). greatest number of repeat units. Primer pairs for all markers were generated using Primer3 [44] as implemented in Geneious 5.6.2 [45] . To ease multiplexing, primers were designed to be at least 20 base pairs in length and to have an optimal annealing temperature of 57°C.
To test the candidate markers, DNA was extracted from 91 female T. pallidus reared from three species of aphid (C. juglandicola and Panaphis juglandis on walnut, and M. coryli on filbert) from nine different localities (Table 4) , and from 46 female C. juglandicola from four different localities (Table 4 ) using the Qiagen DNeasy Blood & Tissue Kit (Qiagen). Non-labeled oligonucelotide primers were used to test and optimize the conditions of each of the 20 candidate regions for each species through standard PCR protocols and the amplified fragments were sequenced at the DNA Sequencing Facility of the University of California Berkeley. For candidate markers that were consistently amplified, fluorescent-labeled primers compatible with the GeneScan™ 600 LIZ size standard (Life Technologies) were used. PCR conditions were then re-optimized for the fluorescent-labeled primers. For both species markers were amplified using one of two PCR protocols signified by their primary annealing temperature (T a 57 or T a 50). For T a 57 an initial denaturation for 5 min at 95°C was followed by 35 cycles of 95°C for 1 min, 57°C for 1.5 min, 72°C for 1 min, followed by a 10 min extension period at 72°C. For T a 50, a touchdown protocol was used with the following profile: an initial denaturation for 5 min at 95°C, followed by 14 cycles of 95°C for 1 min, 57°C for 1.5 min, and 72°C for 1 min where the annealing temperature decreased 0.5°C every cycle, followed by 30 cycles with an annealing temperature of 50°C, and a 10 min extension period at 72°C.
Fragment lengths were measured in comparison to the GeneScan™ LIZ® 600 Size Standard v. 2.0 (Life technologies) using an Applied Biosystems 3730XL (Life Technologies) at the DNA Sequencing Facility at the University of California Berkeley, and scored using the Microsatellite Plug-in for Geneious 5.6.2 [45] . The number of alleles per locus (k), averaged observed (Ho) and expected (He) heterozygosity, deviations from Hardy-Weinberg equilibrium (HWE), and presence of linkage disequilibrium (LD) between loci were examined using GenePop 4.2 [46, 47] .
